Introduction {#Sec1}
============

Extreme climatic events, such as storms, high winds, floods and heat waves, can have a major influence on aquatic ecosystems (Robson and Hamilton [@CR52]; Jankowski et al. [@CR23]; Tsai et al. [@CR59]; Jöhnk et al. [@CR26]; Giling et al. [@CR15]; Kasprzak et al. [@CR29]; Ji et al. [@CR25]). There is evidence that the frequency and severity of extreme events are increasing as a result of directional climate change (Coumou and Rahmstorf [@CR8]; Hansen et al. [@CR17]), and there is a growing realisation that predicting the effects of future climatic conditions on aquatic ecosystems must explicitly incorporate extreme events, superimposed upon the long-term climate trends. Understanding the impact of extreme weather is important because of the negative effects they can have on ecosystem services that lakes provide, such as the provision of safe water for drinking and irrigation, recreational use, supporting biodiversity and economic benefits such as fisheries and tourism (Wagner and Adrian [@CR62]; Klug et al. [@CR31]; de Eyto et al. [@CR10]; Michalak [@CR40]).

Severe storms are a major type of extreme event and can have large effects on lakes. Storms influence lakes primarily by loading of terrestrial material with catchment runoff as a result of heavy precipitation (Riis and Sand-Jensen [@CR48]; de Eyto et al. [@CR10]; Zwart et al. [@CR73]) and mixing of the water column by high wind stress (Klug et al. [@CR31]), which along with surface heating/cooling is one of the most important factors driving physical processes within lakes (Wüest and Lorke [@CR68]). In particular, wind stress can act to induce oscillatory internal wave motions (seiches), which are observed widely to be the most energetic large-scale motions in stratified lakes and are responsible for driving turbulence and, thus, mixing (Imberger [@CR20]). By disrupting the vertical thermal structure and mixing regime of lakes, storms can have a major influence on the ecosystem (Giling et al. [@CR15]; Kasprzak et al. [@CR29]). These pulsed disturbances have been shown to have a substantial influence on, among other things, community structure (Jones et al. [@CR27]; Beaver et al. [@CR2]), nutrient concentrations (Robarts et al. [@CR49]), lake metabolism (Giling et al. [@CR15]) and carbon dioxide emissions from lakes (Jones et al. [@CR28]). A detailed understanding of the impact of extreme weather on lake ecosystems is therefore essential for climate change impact and water management studies (Zhu et al. [@CR72]; Michalak [@CR40]).

Extreme storms are expected to become more frequent and intense with climate change (Beniston et al. [@CR3]; Rockel and Woth [@CR53]; Gastineau and Soden [@CR14]), although with considerable regional variability (IPCC [@CR22]). Some lakes already experience frequent extreme weather events, to which, they may be well adapted (Jones et al. [@CR27], [@CR28]) and thus future changes in storm intensity may have little impact. However, the occurrence of more intense and frequent storms in regions where they are currently uncommon, such as the United Kingdom, could result in substantial changes in lake ecosystem structure and functioning. Climate change scenarios predict more frequent and heavier future storms in Western Europe (Hov et al. [@CR18]; Haarsma et al. [@CR16]), and thus a potential increase in the occurrence of extreme weather in the United Kingdom as a result of, among other things, warmer sea surface temperatures (Baatsen et al. [@CR1]). There is some evidence that this may indeed be gradually taking place. For example, in October 2017, the extratropical Storm Ophelia (hereafter Ophelia) reached the offshore western coast of the British Isles producing severe thunderstorms, flooding events, power outages and gusts of 90 mph in some regions (UK Met Office [@CR60]). By the time Ophelia made landfall, it was re-classified as a 'post-tropical Storm', but just a few hours earlier, it was still a Category 3 hurricane. Ophelia was described as 'unusual' as it had the force and effect of a hurricane without the title but also because of its easterly location in this part of the Atlantic Ocean. It was later confirmed as the easternmost Category 3 hurricane ever recorded (UK Met Office [@CR60]).

To begin investigating the impact of severe storms on freshwater ecosystems in the United Kingdom, we studied the effects of Ophelia on Windermere, the largest natural lake in England. We predicted that Ophelia would have an influence on stratification and mixing dynamics in Windermere and we were interested to see, if occurred, these changes were sufficient to influence the internal seiche regime and result in the upwelling of low-oxygenated bottom waters to the lake surface as well as the main outflow of Windermere, the River Leven.

Materials and methods {#Sec2}
=====================

Study site and observations {#Sec3}
---------------------------

Our study is based on measurements in the south basin of Windermere (Fig. [1](#Fig1){ref-type="fig"}a, English Lake District; 54.343°N, − 2.941°E). The south basin of Windermere, which is separated from the north basin by a shallow (2 m) sill, is long (\~ 10 km) and narrow (width, \< 1 km) with a surface area of \~ 6.7 km^2^, a maximum depth of 42 m and a mean depth of 16.8 m. The observations reported here from Windermere covered the period October 12th to October 21st 2017, which is from 4 days before and 5 days after Ophelia (October 16th, 2017).Fig. 1**a** Bathymetric map of the south basin of Windermere (Miller et al. [@CR41]), showing the location of the lake (red) and river (blue) monitoring stations, and calculated **b** net incoming solar radiation (*Q*~*swin*~), **c** latent (*Q*~*e*~, black) and sensible (*Q*~*h*~, grey) heat fluxes, **d** net thermal (i.e. longwave) radiation (*Q*~*lwnet*~ = *Q*~*lwin*~ - *Q*~*lwout*~) and **e** effective heat flux (*H*~*\**~). Each of the surface heat fluxes is positive when the direction of heat transfer is from the atmosphere to the lake (i.e. acting to heat the lake surface). Also shown is **f** the wind energy flux (*P*~*10*~). The arrow in Fig. 1a indicates north. The inset shows the location of the study region in the United Kingdom

Water temperature profiles in Windermere were recorded at the deepest point of the lake with 12 stainless-steel sheathed platinum resistance thermometers. The sensors were at depths of 1, 2, 4, 7, 10, 13, 16, 19, 22, 25, 30 and 35 m below the lake surface. Meteorological conditions above the lake were also recorded, including air temperature (*T*, K) and relative humidity (*RH*, %), measured 2.3 m above the lake surface; wind speed (*u*~*z*~, m s^−1^) and direction, measured 2.7 m above the lake surface; as well as incoming solar radiation (*Q*~*sw*~, W m^−2^) and air pressure (*p*, mbar). High-resolution surface (within the upper 1 m) dissolved oxygen concentrations were measured by a Hydrolab DS5X sonde. These observations were recorded at 4-min intervals using a Campbell Scientific CR1000 data logger. On October 3rd and 31st 2017, Secchi depth and profiles of dissolved oxygen and temperature were measured manually with a Secchi disc and a Yellow Springs Instruments ProODO sensor, respectively.

Water motion was measured at the centre of the south basin from a bottom-mounted Acoustic Doppler Current Profiler (ADCP) (Teledyne RDI Workhorse 600 kHz ADCP) that recorded average profiles at intervals of ∆t= 60 s based on 50 sub-pings. These were averaged spatially to yield the components of horizontal velocity with a root mean square (rms) uncertainty of \~ 1 cm s^−1^ and with a vertical bin size of ∆z= 1 m. Water column velocities were converted in this study to axial and transverse components by rotating coordinates by 9° clockwise (Simpson et al. [@CR57]; Woolway and Simpson [@CR63]), the orientation of the lake from North (Fig. [1](#Fig1){ref-type="fig"}).

The data from Windermere were supplemented by high-frequency (30-min) measurements on the River Leven, at the weir at Newby Bridge that forms the outflow of Windermere, about 4.8 km downstream of the monitoring buoy (Fig. [1](#Fig1){ref-type="fig"}a). The high-frequency data, recorded with a YSI EXO2 sonde, include observations of surface water temperature, dissolved oxygen, pH and specific conductivity. Also, flow measurements were made near the north shore of the weir, approximately 200 m downstream of the main impoundment. Rainfall observations from four sites (Coppermines, 54.37°N--3.08°E; High Newton, 54.24°N--2.92 °E; Oxen Park, 54.28°N--3.05°E; Blackmoss, 54.38°N--2.88°E) within the English Lake District were also used in this study. These data were provided by the Environment Agency.

To compare wind speed observations during Ophelia with long-term average conditions, we analysed wind speed data from a nearby meteorological station available from HadISD (Dunn et al. [@CR11]), which is a quality-controlled synoptic meteorological dataset used for climate applications at sub-daily resolution. Specifically, data from a meteorological station situated approximately 24 km from the lake (station ID: 032250-99999; 54.5**°**N, − 2.7**°**E) was used. As wind speed can vary substantially at seasonal timescales (Woolway et al. [@CR66]), we only analyse wind speed observations during October, when comparing with those observed in Windermere during Ophelia.

Analysis {#Sec4}
--------

The effective heat flux, *H*~*\**~ (W m^−2^), which can be used to determine whether the surface layer of a lake is gaining or losing heat (MacIntyre et al. [@CR37]), was calculated following Kim ([@CR30]) as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {H}_{\ast }={Q}_s-{R}_0\left[\left(2-2\exp \left(-{z}_{mix}\times {K}_d\right)\right)/\left({z}_{mix}\times {K}_d-\exp \left(-{z}_{mix}\times {K}_d\right)\right)\right] $$\end{document}$$where *Q*~*s*~ is the net surface energy flux (W m^−2^; see below), *R*~*0*~ is the photosynthetically active radiation (in W m^−2^), calculated as 42% of the total solar radiation (*Q*~*swin*~, W m^−2^) (Woolway et al. [@CR64]) and *K*~*d*~ = 0.54 m^−1^ is the light attenuation coefficient, calculated as a function of Secchi depth (= 1.75/Secchi depth) (Woolway et al. [@CR64]). The algorithms of Read et al. ([@CR47]) were used to calculate the depth of the upper mixed layer, *z*~*mix*~ (m), as well as the depth of the thermocline.

The net surface energy flux, *Q*~*s*~, was calculated as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {Q}_s={Q}_{swin}+{Q}_{lwin}-{Q}_{lwout}+{Q}_h+{Q}_e, $$\end{document}$$where *Q*~*swin*~ was estimated as *Q*~*swin*~ = (1 - *α*~*sw*~)*Q*~*sw*~ where *α*~*sw*~ is the shortwave albedo, estimated from Fresnel's Equation (Woolway et al. [@CR65]). *Q*~*lwin*~ is the incoming thermal radiation (i.e. longwave; W m^−2^), estimated based on the emissivity and temperature of the atmosphere following Crawford and Duchon ([@CR9]), using the algorithms of Woolway et al. ([@CR65]). We assumed that 3% of thermal radiation was reflected at the lake surface (Brutsaert [@CR5]). Emitted longwave radiation, *Q*~*lwout*~ (W m^−2^), was estimated as *Q*~*lwout*~ = 0.97*σT*~*o*~^4^, where *σ* is the Stefan-Boltzmann constant (= 5.67 × 10^−8^ W m^−2^ K^−4^), and *T*~*o*~ is the surface water temperature (K).

*Q*~*h*~ and *Q*~*e*~ are the sensible (Eq. [3](#Equ3){ref-type=""}) and latent (Eq. [4](#Equ4){ref-type=""}) heat fluxes, respectively, positive when heat flux is from the atmosphere to the lake surface (W m^−2^), estimated with bulk aerodynamic methods:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {Q}_h={\rho}_{\mathrm{a}}{C}_{pa}{C}_h{u}_z\left(T-{T}_o\right), $$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {Q}_e={\uprho}_{\mathrm{a}}{\mathrm{L}}_{\mathrm{V}}{\mathrm{C}}_{\mathrm{e}}{\mathrm{u}}_{\mathrm{z}}\left({\mathrm{q}}_{\mathrm{z}}-{\mathrm{q}}_{\mathrm{s}}\right), $$\end{document}$$where *ρ*~*a*~ is the air density (kg m^−3^), estimated as a function of air pressure, air temperature and humidity (Chow et al. [@CR6]; Verburg and Antenucci [@CR61]), *C*~*pa*~ = 1005 J kg^−1^ K^−1^ is the specific heat of dry air at constant pressure, *L*~*v*~ is the latent heat of vaporisation (J kg^−1^), *C*~*h*~ and *C*~*e*~ are the turbulent transfer coefficients for heat and humidity, respectively, which were adjusted for measurement height, wind speed and atmospheric stability (Zeng et al. [@CR70]) by applying stability functions (Woolway et al. [@CR65]), *q*~*s*~ is the specific humidity at saturation (kg kg^−1^) and *q*~*z*~ is the specific humidity (kg kg^−1^) calculated from relative humidity, air temperature and air pressure.

As a reference for the rate of energy input to a lake from the atmosphere, we use *P*~*10*~ the rate of working in a horizontal plane above the lake surface (Lombardo and Gregg [@CR35]):$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {P}_{10}={C}_d{\rho}_a\overline{{u_{10}}^3}, $$\end{document}$$where *C*~*d*~ is the transfer coefficient for momentum which, similar to *C*~*h*~ and *C*~*e*~, was adjusted for atmospheric stability using the algorithms of Woolway et al. ([@CR65]). *u*~*10*~ is the wind speed adjusted to a height of 10 m above the lake surface, calculated by accounting for atmospheric stability and measurement height (Woolway et al. [@CR65]).

Indices used to describe lake mixing and stratification, Schmidt stability and Lake Number, were computed using the algorithms of Read et al. ([@CR47]). Schmidt stability (Idso [@CR19]) describes the resistance to mechanical mixing caused by the potential energy inherent in stratification: it is near-zero when the lake is mixed and increases as stratification strengthens. The Lake Number describes the degree of thermocline tilting as a function of stratification, wind forcing and basin morphometry (Imberger and Patterson [@CR21]). Bathymetry data used in this study for calculating the Lake Number were from Ramsbottom ([@CR45]). A Lake Number of greater than 1 suggests that stratification is strong and dominates the forces introduced by surface wind energy, while for a Lake Number less than 1, stratification is weak with respect to wind stress and the thermocline is expected to experience strong tilting and, in turn, the lake will likely experience upwelling of hypolimnetic waters. When calculating the Lake Number, we used a low-pass filter with a cut-off frequency corresponding to ¼ of the internal seiche period to reduce observational noise (MacIntyre et al. [@CR38]).

To estimate the periods of the internal seiche modes in Windermere, we followed the methods used by Simpson et al. ([@CR56]). Specifically, the periods and modal structure of the internal seiche motions were investigated by cross-spectral analysis of the ADCP time series. In particular, the cross-spectrum between the along-lake velocity at each level (i.e. bins) and that at the lowest bin level were computed. The resulting spectra were compiled into depth-frequency plots of the cross-spectral energy between different levels. Forming the co-spectrum of the velocities at each level with the near-bed flow has the advantage of improving the signal to noise ratio because the near-bed flow tends to be dominated by seiche motions and is relatively free from 'noise' associated with less regular motions further up the water column. We applied the cross-spectral analysis technique to 16-day periods of ADCP data before and after Ophelia.

Results {#Sec5}
=======

Ophelia had a substantial influence on meteorological conditions at Windermere, in particular surface air temperature and wind speed (Fig. [S1](#MOESM1){ref-type="media"}). In contrast, there was little or no rainfall during Ophelia (Fig. [S2](#MOESM1){ref-type="media"}a), as also indicated by the general reduction in flow at Newby Bridge over the study period (Fig. [S2](#MOESM1){ref-type="media"}b). Maximum air temperature and wind speed during October 16--17 were 6 °C and 14 m s^−1^ higher than the mean conditions observed throughout the study period. In addition, the maximum wind speed observed during October 16--17 (\~ 19.0 m s^−1^) was over four times greater than the average wind speed observed from a nearby meteorological station during the same time of year from 1979 to 2017 (\~ 4.1 m s^−1^). Relative humidity decreased as a result of the change in air temperature, resulting in a substantial difference in the surface energy fluxes (Fig. [1](#Fig1){ref-type="fig"}). In particular, the exchange of turbulent energy at the air-water interface (i.e. latent and sensible heat fluxes) differed considerably during October 16--17 (Fig. [1](#Fig1){ref-type="fig"}c). The sensible heat flux (*Q*~*h*~) increased to a maximum of approximately 120 W m^−2^ whereas the latent heat flux (*Q*~*e*~) increased (i.e. negative heat flux) to a maximum of approximately − 170 W m^−2^. The increase in *Q*~*h*~ was a result of the increase in wind speed and the air-water temperature difference (see Eq. [3](#Equ3){ref-type=""}), the latter a result of the increase in air temperature and decrease in surface water temperature (as a result of the increase in wind mixing energy, see below) at this time (Fig. [S3](#MOESM1){ref-type="media"}). The decrease in *Q*~*e*~ was caused by the increase in wind speed and a decrease in the air-water humidity difference, the latter being caused by the increase in air temperature resulting in a decrease in humidity above the lake surface (Fig. [S3](#MOESM1){ref-type="media"}). Net longwave radiation, *Q*~*lwnet*~ = *Q*~*lwin*~ - *Q*~*lwout*~, was typically negative (mean ≈− 17 ± 12 W m^−2^) throughout the study period, meaning that *Q*~*lwnet*~ was generally acting to cool the lake surface, and that *Q*~*lwout*~ (mean ≈ 370 ± 1 W m^−2^) was, on average, greater than *Q*~*lwin*~ (mean ≈ 353 ± 13 W m^−2^). However, during October 16--17, *Q*~*lwnet*~ increased to \~ 20 W m^−2^, following closely the increase in air temperature, to which *Q*~*lwin*~ is closely related (Fig. [1](#Fig1){ref-type="fig"}d).

Accounting for all of the surface energy fluxes acting on the surface layer, we estimated the effective heat flux *H*~*\**~ (see Eq. [1](#Equ1){ref-type=""}). During October 16--17, there was a negative *H*~*\**~, indicating net cooling of the surface layer of Windermere (Fig. [1](#Fig1){ref-type="fig"}e), following closely the increase in negative *Q*~*e*~ (Fig. [1](#Fig1){ref-type="fig"}c). At this time, there was also a large increase in the mechanical energy flux, *P*~*10*~, due to wind stress, with *P*~*10*~ increasing to a maximum of 22 W m^−2^ following Ophelia against an average of 0.85 W m^−2^ observed during the study period (Fig. [1](#Fig1){ref-type="fig"}f), an increase by a factor of 25. Enhanced surface cooling and an increase in wind energy during Ophelia resulted in a short-lived mixing event in Windermere (Fig. [2](#Fig2){ref-type="fig"}a) and a rapid deepening of the thermocline (Fig. [2](#Fig2){ref-type="fig"}b). Specifically, the depth of the thermocline deepened by 10 m in a 12-h period from an average of \~ 23 m prior to Ophelia to a maximum of \~ 33 m during October 16--17. There was a corresponding sudden drop in lake thermal stability (Fig. [2](#Fig2){ref-type="fig"}c). After the storm, the Schmidt stability (≈ 144 J m^−2^) was over 60 J m^−2^ (\~ 25%) lower than that observed before Ophelia.Fig. 2**a** Depth-resolved lake temperature, where the individual lines represent temperatures measured by different thermistors, the depth of which are shown in the legend. **b** Depth of the thermocline, calculated using the algorithms of Read et al. ([@CR47]). **c** Calculated Schmidt stability (Read et al. [@CR47]). **d** Axial component of water column velocities measured at 1 m intervals; positive values indicate water flowing north, negative values indicate water flowing south

The increase in wind speed and the subsequent change in the strength of stratification following Ophelia also resulted in a radical change in the axial component of the water column velocities (Fig. [2](#Fig2){ref-type="fig"}d). Specifically, during October 16--17, there was a large negative axial flow (i.e. towards the southern end of the lake) of \~ 0.1 m s^−1^ within the hypolimnion of Windermere. This was accompanied by a large positive axial flow (i.e. towards the northern end of the lake) of \~ 0.1 m s^−1^ within the epilimnion (Fig. [2](#Fig2){ref-type="fig"}d). In Windermere, well-defined oscillations in the water column were observed throughout the study period and current velocities were generally highly structured in the vertical (Fig. [2](#Fig2){ref-type="fig"}d). Prior to Ophelia, surface and bottom water velocities in Windermere were generally in antiphase, which is characteristic of first mode internal seiche activity (Fig. [2](#Fig2){ref-type="fig"}d). Application of the cross-spectral analysis technique (see Methods) to the water column velocity data before Ophelia indicates a narrow and well-defined band of energy corresponding to a period of \~ 17 h (Fig. [3](#Fig3){ref-type="fig"}a). At this frequency, there is a drop in spectral energy at \~ 23 m, corresponding to the depth of the metalimnion (within which lies the thermocline). This indicates clearly that the spectral peak corresponded to the first vertical seiching mode. There is no evidence of spectral peaks at frequencies higher than that of the first vertical mode prior to the impact of Ophelia. The cross-spectral method was then applied to the water column velocities measured after Ophelia (Fig. [3](#Fig3){ref-type="fig"}b). There are clear differences in the spectral characteristics of the axial velocities after Ophelia compared to those computed before the storm. Specifically, there was a marked change in the seiching period of Windermere with much longer period motions (\~ 21 h) observed (Fig. [3](#Fig3){ref-type="fig"}b). Comparison of the spectral averages before and after the storm also demonstrates a considerable reduction in seiche energy (Fig. [3](#Fig3){ref-type="fig"}c), likely a result of the wind speed prior to Ophelia (\~ 4.4 m s^−1^) being higher than observed after the storm (\~ 3.1 m s^−1^). There was little difference in the period of wind forcing before and after Ophelia (not shown).Fig. 3Axial velocity cross-spectrum for 16 days before and after Storm Ophelia. Plots shown are the amplitude of the cross-spectral power density between the axial velocity at each level (i.e. ADCP bin) and the near-bed velocity for **a** before (day of year 273--289) and **b** after (day of year 291--307) the storm. Also shown is **c** a comparison of the depth-averaged amplitude of the cross-spectral power density before and after Ophelia

An upwelling event in Windermere is suggested from the Lake Number, which decreased to below 1 on October 16--17 (Fig. [4](#Fig4){ref-type="fig"}a). This interpretation also agrees with the observed southward axial flow within the hypolimnion, as identified from the ADCP data (e.g. Fig. [2](#Fig2){ref-type="fig"}d). While the oxygen concentration in the surface layer of Windermere at the centre of the south basin of the lake only changed from 9.4 to 9.1 mg L^−1^ (\~ 3% decrease) (Fig. [4](#Fig4){ref-type="fig"}b), exposure of the hypolimnion to the lake surface resulted in an input of cold, low-oxygenated water (Fig. [S4](#MOESM1){ref-type="media"}) at the southern-end of the lake which can be observed in the high-resolution data measured at the River Leven (Fig. [4](#Fig4){ref-type="fig"}c). On October 17, water temperature decreased by \~ 3 °C to a minimum of 10.1 °C, dissolved oxygen decreased by \> 4 mg L^−1^ from 9.3 to 4.8 mg L^−1^ (\~ 48% decrease), and pH decreased by \~ 0.6 to a minimum of 6.35 while specific conductivity increased from about 66.7 to 74.0 μS cm^−1^. Peak excursions occurred within 90 min of each other. The low oxygen excursion lasted for about 15 h, but only fell below 7 mg L^−1^ (about 64% air saturation) for 6 h and below 5 mg L^−1^ (about 44% air saturation) for about 1.5 h. After the effect of Ophelia had passed, there were reductions in temperature of 0.72 °C, oxygen of 0.2 mg L^−1^ and pH of 0.08 and an increase in conductivity of 6.4 μS cm^−1^. The peak excursions in the River Leven lagged behind the mixing event in Windermere by about 4 h.Fig. 4**a** Lake Number, calculated using the algorithms of Read et al. ([@CR47]), with the horizontal line representing a Lake Number of 1. Lower values would be indicative of conditions favouring an upwelling event. Also shown are high-resolution observations of **b** surface dissolved oxygen from the surface of Windermere (4-min temporal resolution) and **c** surface water temperature (grey), dissolved oxygen (black), pH (red) and specific conductivity (blue) measured in the River Leven (30-min temporal resolution)

Discussion {#Sec6}
==========

We investigated the influence of Storm Ophelia on the physical and chemical environment of Windermere, the largest natural lake in England, as well as the outflowing river, the Leven. Windermere is one of the best studied lakes in the world and has been the focus of studies in physical limnology and climate change impacts on lakes for well-over 60 years (Mortimer [@CR42]; Talling [@CR58]; Maberly and Elliott [@CR36]). However, the response of Windermere, as well as other lakes in the United Kingdom, to extreme weather has been largely unexplored, primarily since extreme events in this part of the world have not occurred frequently in the past. In addition, while previous studies have investigated the influence of extreme events on the physical environment of some lakes in other regions (Klug et al. [@CR31]; Jennings et al. [@CR24]), these have focused primarily on within-lake thermal metrics (such as stability and mixing depths) but, unlike our study in Windermere, have not investigated the implications of within-lake processes on downstream conditions. Furthermore, in this study, an ADCP was used in conjunction with a meteorological station to investigate the influence of extreme weather on internal seiche motions and energy fluxes at the lake-air interface, which has not previously been explored, but is essential for understanding how atmospheric forcing and extreme weather can affect the lake-river ecosystem.

Based on high-frequency observational data, we found that Ophelia had a substantial influence on meteorological conditions at Windermere. One of the most noticeable effects of Ophelia was the increase in wind speed and the subsequent increase in the wind energy flux, *P*~*10*~, which increased to magnitudes that were 25 times greater (\~ 22 W m^−2^) than the average during the study period and considerably greater than the maximum *P*~*10*~ (\~ 6 W m^−2^) observed by Woolway and Simpson ([@CR63]) during a 3-month period in Windermere in 2013. *P*~*10*~ is an important metric for understanding the influence of atmospheric forcing on a lake ecosystem (Ravens et al. [@CR46]; Wüest et al. [@CR69]; Rueda and Schladow [@CR54]; Bouffard et al. [@CR4]) and it is related closely with the rate of working of the wind, which can be used to quantify the energy input to surface waters. In particular, during periods of high *P*~*10*~, the rate of working by the wind, as well as the kinetic energy of the flow, also tends to be high, resulting in enhanced dissipation of turbulent kinetic energy and vertical mixing (Woolway and Simpson [@CR63]).

The increase in wind speed at Windermere during Ophelia had a substantial influence on the turbulent energy fluxes at the lake-air interface, such as the evaporative heat flux (i.e. the latent heat flux). In particular, the increase in wind speed, to which the latent heat flux is closely related (see Eq. [4](#Equ4){ref-type=""}), changed markedly. Latent heat loss at the lake-air interface was found to increase as a result of Ophelia, not only because of the increase in wind speed but also because of the decrease in the lake-air humidity difference (i.e. the difference between the saturated humidity at the lake surface temperature minus the observed humidity immediately above the lake surface). The latter was caused by above-normal air temperatures at Windermere, as a result of the southerly airflow drawing warm air from lower latitudes during the storm, and the subsequent decrease in humidity above the lake surface. The latent heat flux, which is typically the dominant turbulent heat loss process occurring in lakes (Woolway et al. [@CR67]), is important for the lake ecosystem as it influences, among other things, the thermal structure. In particular, some of the most important physical effects of climate change on the physics, chemistry and biology of lakes are associated with changes in thermal structure, heat budgets and ultimately the fluxes of heat and energy at the lake-air interface (McCormick [@CR39]; Livingstone [@CR34]; Fink et al. [@CR13]; Schmid et al. [@CR55]).

Ophelia had a marked influence on the vertical temperature structure in Windermere with the thermocline deepening rapidly as a result of the storm. The changes in thermal stratification had a marked influence on internal seiching. Previous studies have shown that the modal periods of internal seiches correlate closely with the evolution of stratification, with longer period motions occurring when stratification is weaker (Simpson et al. [@CR56]). This relationship was evident during the impact of Ophelia when the seiching period of Windermere changed abruptly from \~ 17 h pre-storm to \~ 21 h post-storm and that the energy of the internal seiche decreased substantially. The latter was likely a result of higher wind speed prior to Ophelia. One might also expect an increase in seiching energy as a result of changes in the wind forcing period (Woolway and Simpson [@CR63]). Previous studies have shown that the efficiency of energy transfer from the wind to the lake is higher when the internal seiche period matches that of the wind period (Woolway and Simpson [@CR63]), but this was not evident during this study.

Future climate change scenarios predict that maximum wind speeds over Europe will become stronger with climate change, with a general tendency of more frequent and stronger extreme winds by the end of the century (Leckebusch et al. [@CR33]; Beniston et al. [@CR3]; Rockel and Woth [@CR53]). Specifically, there is evidence that hurricane-force storms reaching Europe will be enhanced in the future as a result of climate change. In particular, modelling studies demonstrate that an increase in tropical sea surface temperatures with climatic warming will extend north-eastwards the breeding ground of tropical cyclones, resulting in an extension of the hurricane genesis area and, in turn, more intense tropical cyclones reaching Europe (Zhao and Held [@CR71]; Murakami et al. [@CR43]; Haarsma et al. [@CR16]). In addition, a warmer future climate could result in the re-intensification of ex-hurricanes as they approach Europe, increasing the chances of extreme winds and also expand north-eastwards the impact region of such storms (Baatsen et al. [@CR1]). There is evidence of an increase in the number of hurricanes that turned north-east, similar to Ophelia, from 1948 to 2014 (Feser et al. [@CR12]).

Previous studies have investigated the influence of extreme weather on lake thermal stability and have shown that a physical disturbance can last from several hours to days or weeks (Jennings et al. [@CR24]; Klug et al. [@CR31]; Giling et al. [@CR15]). While the storm-induced mixing event in Windermere was short-lived, previous studies have demonstrated that pulsed disturbances of this kind can induce strong and protracted impacts on the lake ecosystem (Giling et al. [@CR15]). In particular, studies have shown that while the physical structure of a lake can recover fully within a few days following a storm, biogeochemical processes can take substantially longer to return to pre-storm levels.

During the study period, there was minimal change in dissolved oxygen (\~ 3% decrease) at the mid-lake monitoring station in the south basin of Windermere. However, dissolved oxygen concentrations decreased greatly (\~ 48% decrease) at the surface of River Leven, situated at the southern end of the lake. Our interpretation is that the decrease in dissolved oxygen in the River Leven on October 17 was imported through entrainment of water from the hypolimnion of Windermere. The lower temperature, pH, O~2~ and higher conductivity all indicate input of water from depth. The Lake Number, which has been used previously to estimate the flux of oxygen across the thermocline in lakes (Robertson and Imberger [@CR51]), also indicated high potential for increased diapycnal mixing and the occurrence of an upwelling event (i.e. Lake Number \< 1) as a result of Ophelia.

The conditions at the bottom of relatively deep productive lakes, such as Windermere, are very different to those at the surface. The temperature is lower, oxygen concentrations are often low or zero and concentrations of nutrients and CO~2~ are often high. Stratified lakes allow a spatial 'escape' for motile organisms able to avoid unfavourable conditions (Clegg et al. [@CR7]), while in rivers, chemical conditions are virtually homogenous with depth and spatial escape is of limited possibility. Furthermore, the build-up of, for example, low oxygen concentration at depth in a lake occurs gradually over many weeks and is essentially a 'press' or 'ramp' disturbance (Lake [@CR32]): that is a disturbance that persists over a period of time and either reaches a constant level or increases in intensity. The long-term ecological effects of exposure to these types of disturbance are known in terms of the effects of low oxygen on fish distribution, fitness and survival of organisms such as fish at low oxygen (Roberts et al. [@CR50]). In contrast, the effect of Ophelia on the River Leven was essentially a sudden, short-term 'pulse' disturbance, involving changes to several different environmental variables. Some studies have suggested that extreme weather events could be just as important as gradual trends for the long-term trajectories of ecosystems (Perga et al. [@CR44]), but there is very little known about the possible consequences of this type of disturbance, and more research is clearly needed given that pulse disturbances are likely to increase in frequency as extreme weather events become more common.

Electronic supplementary material
=================================

 {#Sec7}

ESM 1(DOCX 7787 kb)

The monitoring records on Windermere were funded by CEH and NERC (UKLEON; NE/I007407/1) and those on the River Leven by the Environment Agency. We thank Claire Wood for producing the map of Windermere, Mike Clarke, Mitzi De Ville, Beverley Dodd and Ben James for providing the field data from Windermere and Brian Scannell for processing the raw ADCP data used in this study. We would like to thank two anonymous reviewers who provided a constructive review of this manuscript.
